ABSTRACT This paper proposes a coordinated control of doubly fed induction generator (DFIG)-based wind farms' (WFs) post-fault active power and synchronous generators' (SGs) tripping with the aim of improving transient stability of both the first swing and multi swings. To achieve it, the impact mechanism of the WFs' post-fault active power and SGs' tripping on the stability margin of each swing is first presented by using extended equal area criterion (EEAC). Based on this, a principle of the coordinated control is put forward. The WFs' control period is designed as six stages, and the value of post-fault active power in each stage is suggested to improve the stability of the first five swings and maintain the post-fault steady state. To decrease the tripping amount of the SGs, the SGs are tripped only when WFs' control effect is not sufficient to avoid the instability. Then, by utilizing an ''online pre-decision and real-time matching'' scheme, an engineering application method for the control principle is proposed, where the control procedures and detailed parameters calculation are demonstrated. The numerical simulations show that the coordinated control has a better damping effect and a less control cost (less amount of tripped SGs) than the traditional DFIG control or traditional SG tripping.
I. INTRODUCTION
Wind energy has become one of the most economical and fastest-growing renewable energy technologies in recent years [1] , [2] . Due to the variable-speed capability and independent power control, doubly-fed induction generator (DFIG) based wind farms (WFs) provide an increasing proportion of renewable electricity generation around the world [3] , [4] . In the meanwhile, the unique dynamic characteristics of DFIGs also pose new noteworthy challenges to the stability of modern power systems [5] . Some DFIG characteristics, such as the lack of short circuit capacity, low inertia, and uncertainty of damping, are likely detrimental to overall system voltage stability, frequency stability, and oscillation damping in actual operation [6] - [9] .
Due to the above reasons, extensive researchers have proposed different DFIG controls for the voltage support [10] - [11] , frequency regulation [12] - [14] , and oscillation improvement [15] - [29] . As one of the most important and complicated issues, there are several main aspects for the oscillation improvement. First, numerous studies are carried out by designing a wind power system stabilizer (PSS) to provide network damping [15] - [17] . In [15] , a PSS loop for DFIG is presented to increase its damping contribution without deceasing the voltage control quality following a transient grid event. Second, the appropriate use of DFIG control is explored to provide the inertial support under fault conditions [18] , [19] . A supplementary control combined with the idea of changing pitch compensation and maximum active power is proposed to alleviate the impact of reduced inertia caused by DFIGs in [18] . Third, several authors develop the improved low voltage ride-through (LVRT) controls in order to enhance transient stability [20] - [22] . A modified flux magnitude and angle control based on a rectangular dq coordinates for DFIGs is proposed in [20] and it can improve the system damping and LVRT performances. In addition, various authors also present many other novel controls for the transient stability improvement [23] - [29] . By using adaptive dynamic programming, a controller for DFIG based WFs is proposed with the aim of enhancing transient stability [24] . In [27] , researchers use the frequency of a WF's terminal bus as the input variable and control its post-fault active power in order to improve the network transient stability. Literature [28] presents a wide area control of both WFs and synchronous generators (SGs) to damp oscillations. A passivity-based control of the STATCOM and battery energy storage is employed to improve the stability margin and dynamic performance in [29] . However, most of the previous studies ignore the interrelation between different swings nor the stability margin of each swing in the transient process. Hence, the control input can hardly reflect transient stability of the whole system. On the one hand, it may make the control effect not reliable or effective. On the other hand, it may cause more control costs.
In this paper, a coordinated control of DFIG based WFs and SGs to improve transient stability of both the 1 st swing and multi swings is proposed. It can also enhance the control economy by decreasing the tripped amount of SGs. The proposed method is achieved by controlling the post-fault active power of DFIG based WFs and tripping scheme of SGs. The explanations about how each controlled quantity influences the stability of each swing and the interrelation between different swings are both presented by using extended equal area criterion (EEAC). A principle of the coordinated control is proposed. Compared with SGs, DFIGs have a stronger flexible controllability in the post-fault period. Hence, DFIG based WFs are taken full use of and controlled to damp the first five swings and maintain the post-fault steady state. The WFs' control period is divided into 6 stages and post-fault active power is suggested in each stage. Only when WFs' control effect is not sufficient to keep the system stable, SGs are tripped so as to prevent the instability, which can decrease the control cost of the SGs tripping as well. By utilizing ''online pre-decision and real-time matching'' scheme, an application method is proposed to apply the control principle in the actual engineering operations. In the ''online pre-decision'' part, the detailed control parameters are calculated and the strategy table is formed. In the ''real-time matching'' part, the optimal control strategy is matched, then executed by WFs and SGs. Simulations are carried out on a New England 10-machine 39-bus system with a 1250MW (5MW×250) DFIG based WF. DIgSILENT /PowerFactory is used as the simulation tool. The effectiveness of the proposed control is verified under three types of fault severity (i.e., not severe, relatively severe, very severe).
The rest of this paper is organized as follows: Section II presents the impact mechanism of WFs' post-fault active power and SGs' tripping on the stability of each swing. Section III proposes a principle of the coordinated control to improve transient stability and decrease the control cost. Section IV proposes an engineering application method for the control principle. The simulations are performed to verify the effectiveness of the proposed control in Section V. Section VI provides some conclusions.
II. IMPACTS OF WFs' ACTIVE POWER AND SGs' TRIPPING ON TRANSIENT STABILITY
Following a short-circuit fault, the electrical power of some SGs decreases due to the voltage dip. Meanwhile, the mechanical power cannot be reduced very fast due to its larger time constant. It results in the imbalance of the mechanical and electrical power of some SGs, thus leading to the acceleration of these SGs' rotor. When the fault is very severe, the rotor angle excursion can be large and the system may even undergo transient instability. Under this condition, the SGs' tripping is one of the most common and effective emergency controls to avoid the loss of synchronization. Moreover, as the post-fault active power of the WFs can also affect the electrical power of SGs after a fault, the use of DFIG-based WFs for transient stability improvement is of great possibility [27] . To better design the coordinated control of DFIG based WFs and SGs, the theoretical impact mechanism of DFIG based WFs' post-fault active power and SGs' tripping on transient stability is firstly investigated. More importantly, the interrelation between different swings and stability margin of each swing are also presented detailly.
A. OMIB MODEL OF THE TWO-MACHINE SYSTEM WITH AN AGGREGATED DFIG BASED WF
Based on the EEAC [30] , if SGs are separated into two clusters (i.e., the critical generators cluster and remaining generators cluster) after a large disturbance, the multi-machine system can be equivalent to a two-machine system. Moreover, only the WFs, that are closed to the critical SGs cluster, can highly influence transient stability. Therefore, a two-machine system with an aggregated DFIG based WF is used as a typical system for the impact analysis, which is shown in Fig. 1 . It is assumed that the aggregated WF has enough reactive compensation capacity for quickly recovering its terminal voltage in the transient process. The considered disturbance is assumed to locate at Line 1 and then the fault transmission line trips. The transient reactance of the critical and remaining SG is x d1 and x d2 , respectively; the reactance of Line 1 (or Line 2) is x L ; the impedance of the loads is Z 1 = R 1 + jX 1 ; the post-fault apparent power of the aggregated DFIG based WF is S w = P 1 + jQ 1 .
To analyze the impacts of DFIG based WFs' post-fault active power and SGs' tripping on transient stability by using EEAC, the post-fault system in Fig. 1 is simplified to an equivalent one machine infinite bus (OMIB) system model by the following process. VOLUME 6, 2018
T ; P e = P c + P max sin(δ 12 − β);
The nodal voltage equation of the post-fault system in Fig. 1 is firstly built, where the aggregated DFIG based WF is modeled as a controllable power source. Then, the nodes of the aggregated DFIG based WF and loads are eliminated. After that, the total electrical power of the critical and remaining SGs is calculated and substituted into the OMIB system model of the classic EEAC. Finally, the equivalent OMIB model of the post-fault two-machine system with an aggregated DFIG based WF (called for short as the equivalent OMIB model in the following) is obtained as (1) , as shown at the top of this page, where M , P m , and P e are the equivalent inertia coefficient, equivalent mechanical power (EMP) and equivalent electrical power (EEP) of the equivalent OMIB model; M 1 (δ 1 ) and M 2 (δ 2 ) are the inertia coefficient (rotor angle) of the critical SG and remaining SG, respectively; P m1 and P m2 are the mechanical power of the critical SG and remaining SG, respectively. In addition, P e is a sine function with respect to δ 12 . P c , P max , and β are the offset, amplitude, and initial phase of the sinusoidal curve P e , respectively. P c , P max , and υ are the offset, amplitude, and initial phase of the EEP of the post-fault OMIB system without DFIG based WFs, respectively; P W is the post-fault active power of the aggregated DFIG based WF; E 2 is the voltage behind the direct-axis transient reactance of the remaining SG; U 3 (δ 3 ) is the voltage amplitude (voltage angle) of Bus 1; µ and ϕ are intermediate variables, which are described as:
B. IMPACTS OF DFIG BASED WFs' POST-FAULT ACTIVE POWER ON TRANSIENT STABILITY
As shown in (1) , P e is affected by the post-fault active power of the aggregated DFIG based WF P W . To be specific, there are three elements (i.e., P c , P max , and β) in P e that might be changed by P w . However, M 1 /M T in P max and β is so small, because there are generally very few critical SGs in actual large power systems. Hence, the change of P max and β caused by P W is very small, which does not have much impact on transient stability and not be analyzed in details.
The part of P c in (1) that related to P W is:
where, µ, E 2 , M 2 , M T , and U 3 are positive variates. Through phasor calculation of the post-fault system in Fig. 1 , the value of (δ 1 − δ 3 ) in the oscillation process is obtained as (4) , as shown at the top of this page, where, x is the equivalent reactance between the critical and remaining SGs; E 1 is the direct-axis transient electric potential of the critical SG. It is considered that the electrical distance between the critical SGs and remaining SGs is remote in a large grid. Hence, x is much larger than x d1 and then one obtains
Because C 3 > 0 and C 4 > 0 in (2), one obtains ϕ ∈ (135 • , 180 • ). According to the value of |δ 1 − δ 3 | and ϕ, one obtains cos(δ 1 − δ 3 − ϕ) <0. Hence, when P W increases, P c decreases.
To explain the impacts of DFIG based WF's post-fault active power on transient stability more simply, the equivalent OMIB model (1) is modified as:
where P mA (= P m − P c ) is the modified equivalent mechanical power (MEMP); P eA (= P c +P max sin(δ 1 −β)) is the modified equivalent electrical power (MEEP). Therefore, when P W increases, P mA increases and P eA does not change. The impacts of DFIG based WF's post-fault active power on the transient stability is illustrated in Fig. 2 . The curves P eB and P eD denote the EEP curve of the equivalent OMIB model before and during the fault, respectively. The curve P mD denotes the during-fault EMP curve of the equivalent OMIB model. The curve P eA denotes the post-fault MEEP curve of the equivalent OMIB model. P c is the offset of the curve P eA . The curves P mA1 and P mA2 denote the post-fault MEMP of the equivalent OMIB model when P W = P W1 and
The impacts of DFIG based WF's post-fault active power on the 1 st swing stability are illustrated in Fig. 2 (a) . Following a severe fault, the EMP (P mD ) is larger than EEP (P eD ), the equivalent rotor accelerates. Hence, the actual acceleration kinetic energy (AAKE) of the 1 st swing, denoted by S inc.1 , is S 1 . When the fault is cleared, the MEEP (P eA ) exceeds the MEMP (P mA1 and P mA2 ) and the equivalent rotor decelerates. When P W = P W1 , the maximum deceleration kinetic energy (MDKE) of the 1 st swing, denoted by S max dec.1 , is S 2 . When P W = P W2 , S max dec.1 = (S 2 + S 2 ). In addition, the stability margin of the 1 st swing is η 1 = S dec.1 − S max dec.1 . Therefore, the less the P W is, the more the MDKE of the 1 st swing is. Accordingly, the stability margin η 1 of the 1 st swing is higher.
If the mechanical damping of SGs is ignored, the impacts of DFIG based WF's post-fault active power on the stability of the even and odd multi swings are shown in Fig. 2 (b) and (c), respectively. When P W = P W1 , the maximum acceleration kinetic energy (MAKE) of the even (odd) multi swings, denoted by S max inc.2n (S max inc.2n+1 ), is S 3 (S 5 + S 5 ). When P W = P W2 , S max inc.2n = S 3 + S 3 and S max inc.2n+1 = S 5 . When the equivalent rotor passes by d 1 or d 2 , the MEEP P eA is less (more) than MEMP P mA1 or P mA2 , and the equivalent rotor decelerates in the even (odd) multi swings. When P W = P W1 , the MDKE of the even (odd) multi swings, denoted by S max dec.2n (S max dec.2n+1 ), is S 4 + S 4 (S 6 ). When P W = P W2 , S max dec.2n = S 4 and S max dec.2n+1 = S 6 + S 6 . When the MAKE is more than the MDKE of the even (odd) multi swings, the equivalent OMIB model is possible to occur the even (odd) multi swings instability. Hence, the necessary conditions for even (odd) multi swing instability are
where, P mA.2n (P mA.2n+1 ) is the modified equivalent mechanical power in the[2n] th ([2n + 1] th ) swing. Moreover, only when the AAKE of the even (odd) multi swings S inc.2n (S inc.2n+1 ), which is affected by the location, duration time, and type of the fault, is more than the MDKE, the equivalent OMIB model definitely occurs the even (odd) multi swing instability. Hence, the sufficient conditions for even (odd) multi-swing instability are
where η 2n (η 2n+1 ) is the stability margin of the [2n] th ([2n + 1] th ) swing. Hence, the less the P W is, the more the MAKE (MDKE) of the even (odd) multi swing is, and the less the MDKE (MAKE) of the even (odd) multi swing is. Accordingly, the stability margin of even (odd) swings η 2n (η 2n+1 ) is lower (higher).
C. IMPACTS OF SGs' TRIPPING ON TRANSIENT STABILITY
When a severe distance occurs, the critical SGs of the multimachine system may absorb too much acceleration kinetic energy. It will result in a large rotor angle difference between the critical SGs and remaining SGs. Hence, some of the critical SGs should be tripped. By taking this measure, the rotor angler change of the tripped generators will no longer influence the other critical generators. Moreover, as the total loads in the system do not change, it results in an electrical power increasement for critical SGs that still connected to the system. Accordingly, it brings beneficial effects to the 1 st swing stability. However, the tripping of some critical SGs will also decrease the mechanical power P ms and inertia coefficient M s of the critical SGs cluster. Hence, the necessary conditions for even (odd) multi-swing instability (6) can be modified as
where, all variates have the similar meanings to those in (1) From the analyses in the Section II, it is illustrated that DFIG based WF's post-fault active power can affect transient stability in a significant and complicated way. Even the same value of WF's post-fault active power has different impacts on the stability of different swings. Therefore, instead of letting it weaken the system stability without proper controls, the potential of DFIG based WFs as a damping device should be explored. In addition, the larger the installation of WFs is, the more obvious the control effect will be. Based on these concepts, the control principle of DFIGs based WFs for stability improvement is proposed. More importantly, not only the 1 st swing stability but also the multi-swing stability are well considered. It provides theoretical guidance for the control application that will be presented in the Section IV. Due to the flexible and independent power control ability of DFIGs during the post-fault period [27] , WF's post-fault active power is designed to control in six stages, which is illustrated by the red line in Fig. 3 . For comparison, a traditional control is also illustrated by the black dashed line in Fig. 3 and the control effect of those two controls is presented in Fig. 4 . The curves P eB , P eD , P mD , and P eA in Fig. 4 have the same meaning as those in Fig. 2. 1) The 1 st stage [t 1 , t 2 ): from the fault clearing time t 1 to the end of the equivalent OMIB's 1 st swing t 2 .
During this stage, WFs post-fault active power should be smaller to enhance the 1 st -swing stability. Hence, as shown in Fig. 3 , P WF.p1 of the proposed control is smaller than P WF.t1 of the traditional control.
To illustrate the control effect difference, the detailed analysis based on the EEAC is presented in Fig. 4 (a) and (b) . The curvesP mA.t1 and P mA.p1 denote the MEMP in 1 st stage when WFs post-fault active power in 1 st stage is P WF.t1 and P WF.p1 , respectively. The AAKE of the 1 st swing with the traditional control and proposed control is S 1 and S 1 , respectively. The actual deceleration kinetic energy (ADKE) of the 1 st swing with the traditional control and proposed control is S 2 and S 2 , respectively. Moreover, S 1 = S 2 and S 1 = S 2 . As the WFs' during-fault active power of both controls is same, one obtains S 1 = S 1 . Hence,
However, because the curve P mA.t1 is higher than curve P mA.p1 , the equivalent rotor stops earlier with the proposed control (δ 1 < δ 1 ). It explains the better damping effect of the proposed control. Moreover, as the MDKE in Fig. 4 (b) is also more than that in Fig. 4 (a) , the 1 st swing stability margin is improved by the proposed control. The lower the P WF.p1 is, the higher the 1 st swing stability margin is. Hence, P WF.p1 of the proposed control is designed to be zero.
2) The 2 nd stage [t 2 , t 3 ): from t 2 to the end of the equivalent OMIB's 2 nd swing t 3 .
During this stage, WFs post-fault active power should be larger to enhance the 2 nd swing stability. Hence, as shown in Fig. 3 , P WF.p2 of the proposed control is larger than P WF.t2 of the traditional control.
In Fig. 4 (c) and (d), the curvesP mA.t2 and P mA.p2 denote the MEMP in 2 nd stage when WFs post-fault active power in 2 nd stage is P WF.t2 and P WF.p2 , respectively. The AAKE (ADKE) of the 2 nd swing with the traditional control and proposed control is S 3 (S 4 ) and S 3 (S 4 ), respectively. Moreover, S 3 = S 4 and S 3 = S 4 . As the curve P mA.p2 is higher than curve P mA.t2 and δ 1 < δ 1 , one obtains S 3 > S 3 . Accordingly, the equivalent rotor stops earlier with the proposed control (δ 2 < δ 2 ). It explains the better damping effect of the proposed control in the 2 nd stage. Moreover, as the MDKE in Fig. 4 (d) is more than that in Fig. 4 (c) , the 2 nd swing stability margin is improved by the proposed control.
The larger the P WF.p2 is, the higher the 2 nd swing stability margin is. Hence, the P WF.p2 is supposed to be as large as possible. However, if P WF.p2 is too large to make P mA.p2 > P eA.p2 , the MEMP is larger than MEEP at δ 1 . The equivalent rotor may not enter the 2 nd swing at δ 1 but accelerate towards the 1 st swing direction until the system loses stability. To solve this problem, the P WF.p2 is designed to make P eA.p2 − P mA.p2 ≥ k 1 % · P max . In addition, P WF.p2 also cannot exceed the WFs' post-fault active power limit P lim .
3) The 3 rd stage [t 3 , t 4 ): from t 3 to the end of the equivalent OMIB's 3 rd swing t 4 .
During this stage, WFs post-fault active power should be smaller to enhance the 3 rd swing stability. Hence, as shown in Fig. 3 , P WF.p3 of the proposed control is smaller than P WF.t3 of the traditional control.
In Fig. 4 (e) and (f), the curvesP mA.t3 and P mA.p3 denote the MEMP in 3 rd stage when WFs post-fault active power in 3 rd stage is P WF.t3 andP WF.p3 , respectively. The AAKE (ADKE) of the 3 rd swing with the traditional control and proposed control is S 5 (S 6 ) and S 5 (S 6 ), respectively. Moreover, S 5 = S 5 and S 6 = S 6 . As the curve P mA.p3 is lower than curve P mA.t3 and δ 2 < δ 2 , one obtains S 5 > S 5 . Accordingly, the equivalent rotor stops earlier with the proposed control (δ 3 < δ 3 ). It explains the better damping effect of the proposed control in the 3 rd stage. Moreover, as the MDKE in Fig. 4 (f) is more than that in Fig. 4 (e) , the 3 rd swing stability margin is improved by the proposed control.
The smaller the P WF.p3 is, the higher the 3 rd swing stability margin is. Hence, the P WF.p3 is supposed to be as small as possible. However, if the P WF.p3 is too small to make P mA.p3 < P eA.p3 , the MEMP is less than MEEP at δ 2 . The equivalent rotor may not enter the 3 rd swing at δ 2 but accelerate towards the 2 nd swing direction until the system loses stability. To solve this problem, the P WF.p3 is designed to make P mA.p3 −P eA.p3 ≥ k 2 %·P max . In addition, P WF.p3 also cannot exceed the WFs' post-fault active power limit P lim .
4) The 4 th stage [t 4 , t 5 ): from t 4 to the end of the equivalent OMIB's 4 th swing t 5 .
During this stage, WFs post-fault active power should be large to enhance the 4 th -swing stability. Hence, as shown in Fig. 3 , P WF.p4 of the proposed control is larger than P WF.t4 of the traditional control.
In Fig. 4 (g) and (h), the curves P mA.t4 and P mA.p4 denote the MEMP in 4 th stage when WFs post-fault active power in 4 th stage is P WF.t4 and P WF.p4 , respectively. The AAKE (ADKE) of the 4 th swing with the traditional control and proposed control isS 7 (S 8 ) and S 7 (S 8 ), respectively. Moreover, S 7 = S 8 and S 7 = S 8 . As the curve P mA.p4 is higher than curve P mA.t4 and δ 3 < δ 3 , one obtains S 7 > S 7 . Accordingly, the equivalent rotor stops earlier under the proposed control (δ 8 < δ 8 ). It explains the better damping effect of the proposed control in the 4 th stage. Moreover, as the MDKE in Fig. 4 (h) is more than that in Fig. 4 (g) , the 4 th swing stability margin is improved by the proposed control.
The larger the P WF.p4 is, the higher the 4 th swing stability margin is. Hence, the P WF.p4 is supposed to be as large as possible. However, if P WF.p4 is too large to make P mA.p4 > P eA.p4 , the MEMP is larger than MEEP at δ 3 . The equivalent rotor may not enter the 4 th swing at δ 3 but accelerate in the 3 rd swing direction until the system loses stability. Hence, the P WF.p4 is designed to make P eA.p4 − P mA.p4 ≥ k 3 % · P max . In addition, P WF.p4 also cannot exceed the WFs' post-fault active power limit P lim .
5) The 5 th stage [t 5 , t 6 ): from t 5 to the end of the equivalent OMIB's 5 th swing t 6 .
During this stage, WFs post-fault active power should be smaller to enhance the 5 th swing stability. Hence, as shown in Fig. 3 , P WF.p5 of the proposed control is smaller than P WF.t5 of the traditional control.
In Fig. 4 (i) and (j), the curvesP mA.t5 and P mA.p5 denote the MEMP in 5 th stage when WFs post-fault active power in 5 th stage is P WF.t5 andP WF.p5 , respectively. The AAKE (ADKE) of the 5 th swing with the traditional control and proposed control is S 9 (S 10 ) and S 9 (S 10 ), respectively. Moreover, S 9 = S 9 and S 10 = S 10 . As the curve P mA.p5 is lower than curve P mA.t5 and δ 4 < δ 4 , one obtains S 9 > S 9 . Accordingly, the equivalent rotor stops earlier under the proposed control (δ 5 < δ 5 ). It explains the better damping effect of the proposed control in the 5 th stage. Moreover, as the MDKE in Fig. 4 (j) is more than that in Fig. 4 (i) , the 5 th swing stability margin is improved by the proposed control.
The lower the P WF.p5 is, the higher the 5 th swing stability margin is. Hence, the P WF.p5 is supposed to be as small as possible. However, if the P WF.p5 is too small to make P mA.p5 < P eA.p5 , the MEMP is less than MEEP at δ 4 . The equivalent rotor may not enter the 5 nd swing at δ 4 but accelerate towards the 4 th swing direction until the system loses stability. Hence, the P WF.p5 is designed to make P mA.p5 − P eA.p5 ≥ k 4 % · P max . In addition, P WF.p5 also cannot exceed the WFs' postfault active power limit P lim .
6) The 6 th stage [t 6 , +∞): after the equivalent OMIB's 5 th swing.
As analyzed in the first 5 stages, the rotor angle oscillation can be effectively damped in the first 5 swings, which also has been verified in the simulations. Moreover, due to the different inertia coefficients, the rotor angle gaps between different SGs of the critical cluster or remaining cluster do not always keep constant after the first few swings. It results in a large deviation and higher calculation difficulty when obtaining equivalent OMIB's parameters. In fact, the number of swings that can be damped by WFs can vary. However, considering the calculation difficulty and better control effect, the WFs are controlled for damping the first 5 swings in this paper. Therefore, during the sixth stage, the WFs post-fault active power is designed to be adjusted to maintain the postfault steady state. In addition, the DFIGs' active power should also maintain the balance of mechanical power and electrical power of DFIGs for increasing the speed stability.
If DFIGs' mechanical power at t 6 is different from P WF.p6 , their electrical power or active power at t 6 will change sharply to follow the mechanical power, which causes a disturbance to the post-fault system. Moreover, if DFIGs' mechanical power is not controlled properly during the first 5 stages, their motor rotating speed may increase, due to the active power dips of the proposed control. Therefore, the pitch angle control systems should maintain DFIGs' motor rotating speed in the operation range during the first 5 stages and adjust DFIGs' mechanical power toP WF.p6 when t = t 6 to avoid the power step change.
B. COORDINATED CONTROL PRINCIPLE FOR STABILITY IMPROVEMENT
As is presented in the Section III A, an appropriate control of DFIG based WFs will bring beneficial effect on the stability. However, its effect is not direct and would be limited when wind power capacity was not large enough. Accordingly, during a severe disturbance, the tripping of SGs is still a common and necessary emergency measure to avoid transient instability of wind power integrated system. But the cost of SGs tripping is too high because of the complexity and time consumption of ''Start and Stop'' procedure. Therefore, the coordinated control of DFIG based WFs' post-fault active power and SGs' tripping should be considered to improve both the system stability and control economy efficiency.
The coordinated control principle are as follows: 1) Even though the SGs' tripping deceases (increases) the stability margin of even (odd) swings, the major purpose of SGs' tripping is to prevent the 1 st swing instability. Hence, the SGs' tripping is triggered only when the fault is very severe so that the system can not stay stable under the proposed control of DFIG based WFs. If the 1 st swing stability is guaranteed, the amount of the SGs' tripping should be as little as possible to decrease the control costs.
2) To make the amount of the SGs' tripping less, the ability of DFIGs' active power control in the 1 st swing should be taken full advantage of. Hence, the WFs' post-fault active power in the 1 st stage P WF.p1 is set to be zero.
3) The control principle of WFs in the Section III A can be still used in the coordinated control to improve the 1 st swing and multi-swing stability. Moreover, the control of WFs can also weaken the adverse impacts that the SGs' tripping brings to the even multi swing stability.
IV. APPLICATION OF COORDINATED CONTROL OF DFIGs BASED WFs AND SGs FOR STABILITY IMPROVEMENT
The exact value of six stages and control parameters of WFs and SGs in the control principle are related to many complicated aspects, such as power network structure, operation status, and fault scenarios, etc. Furthermore, the control principle should be effectively implemented in the actual engineering operations. Hence, an application of coordinated control is proposed by using ''online pre-decision and realtime matching'' scheme, which is shown in Fig. 5 . In the ''online pre-decision'' part, the pre-decision control table is formed according to the online data. This table is continuously refreshed in every few minutes. The procedures of the ''online pre-decision'' are executed by an analysis center, which are demonstrated as follows:
1) Obtain operating conditions of the system online (e.g., from the SCADA database), and calculate load flow.
2) Set the hypothetical fault list Fs {Fs 1 , Fs 2 , . . . , Fs n }, and obtain t 0 and t 1 for each fault.
3) Calculate load flow of the post-fault steady state, and then obtain P WF.p6 for each fault. 4) Perform transient stability simulation for each fault, and obtain WFs' during-fault active power. 5) Use the EEAC technique [30] to obtain the equivalent OMIB system with WFs for each fault.
To be specific, the parameters of the equivalent OMIB system with WFs, including P eB , P eD , P mD , and P eA , are calculated based on the simulation results in step 4).
6) Calculate the 1 st swing stability margin with WFs' proposed control for each fault.
Actually, because the WFs' post-fault active power of the proposed control P WF.p1 is already set to be zero in the 1 st stage, one can obtain P mA.p1 by using (1)- (5). Combined with P eB , P eD , P mD , and P eA in step 5), the 1 st swing stability margin η 1 = S dec.1 − S inc.1 can be easily calculated for each fault.
7) Judge the 1 st swing stability for each fault. If the system is stable, jump to step 8). Otherwise, jump to step 9). 8) Calculate WFs control parameters for each fault. In the step 2)-3), t 1 and P WF.p6 have already been obtained. In this step, the rest of the control parameters for WFs are calculated. They consist of 2 parts: (a) time of WFs control stages t 2 , t 3 , t 4 , t 5 , and t 6 ; (b) WFs post-fault active power in the first five stages P WF.p1 , P WF.p2 , P WF.p3 , P WF.p4 , and P WF.p5 .
To be specific, t 0 , t 1 , P mA.p1 , P eB , P eD , P mD , and P eA have already been obtained in the previous steps. As is illustrated in Fig.4 (b) , S 1 and S 2 can be calculated. Hence, δ 1 , t 2 (when the equivalent rotor reaches δ 1 ), and P eA.p2 are obtained.
When the value k 1 % · P max is set and WFs' post-fault active power limit P lim is obtained, P mA.p2 and P WF.p2 can be calculated. Accordingly, as is shown in Fig.4 (d) , S 3 and S 4 can be calculated. Hence, δ 2 , t 3 (when the equivalent rotor reaches δ 2 ), and P eA.p3 are obtained.
Similarly, as is shown in Fig.4 (f), (h) and (j), P WF.p3 , t 4 , P WF.p4 , t 5 , P WF.p5 , and t 6 are obtained.
9) Calculate the minimum amount of SGs' tripping P ST for each fault.
Following the disturbances, the SGs, which have the larger rotor speed deviation, are tripped firstly. When there are some SGs tripped, the post-fault OMIB model is changed into a new one. This is because the M , P m and P e (1) are all changed by removing the coefficient, mechanical power, electrical power, transient reactance and node (in the nodal voltage equation) of the tripped SGs. Hence, the transient stability simulation is performed again after SGs' tripping, so that the parameters (P eA and P mA.p1 ) of the new postfault OMIB model is obtained. Moreover, the AAKE of the 1 st swing S inc.1 of new post-fault OMIB model should modified as:
where, t + st is the moment after the SGs' tripping; ω (t + st) is inertia rotor speed of new OMIB model at t + st; M is the equivalent inertia coefficient of new OMIB model. Therefore, the stability margin of the 1 st swing is modified
. When η 1ST ≥ 0, the minimum amount of SGs' tripping P ST is obtained. In addition, to guarantee the 1 st swing stability, η 1ST ≥ 0 can be set as η 1ST ≥ k 5 % · S max dec.1 . 10) Calculate load flow of the post-fault steady state, and then obtain P WF.p6 for each fault.
As the post-fault steady state is changed by SGs' tripping, P WF.p6 should be calculated and refreshed under the new post-fault steady state.
11) Calculate WFs control parameters for each fault. The calculating process in this step is as same as that in step 8). However, it should be based on the parameters of new post-fault OMIB system with SGs' tripping.
12) Form a control table of the coordinated control of WFs and SGs during the first 5 stages according to results of Steps 1) to 11), and then send it to WFs and SGs.
13) Update the control table by executing Steps 1) to 12) again, according to the new actual operating conditions.
It should be noted that if computation speed of Step 1) to 12) is very fast (e.g., multiple computers work in parallel at the same time), the refresh time is as short as seconds.
In the ''real-time matching'' part, all procedures are executed by WFs and SGs. This part is triggered by a large disturbance, which is demonstrated as follows:
14) Compare the disturbance with the hypothetical fault list in Step 2) according to the system operation status, then judge the actual fault.
15) Match the optimal coordinated control of the first 5 stages in the refreshed control table, which is already received and saved in WFs' and SGs' control devices.
16) Execute the optimal coordinated control of the first five stages. In the 6 th stage, DFIGs are supposed to return to the normal operation, and the maximum power point tracking (MPPT) strategy is activated. This paper assumes that the requirements of DFIG's pitch angle control system in Section III. A are meet for a better control effect.
V. SIMULATION AND VERIFICATION
For verifying the effectiveness of the proposed control, the 10-machine 39-bus New England system [7] connected with a 1250MW DFIG based WF is built on DIgSILENT /PowerFactory, which is shown in Fig. (6) . The WF consists of 250 of 5MW standard DFIGs in DIgSILENT. It is connected to Bus 19 through a single line and running under the unit power factor. The wind turbines are operated at 80% of their capacity and penetrated to provide 16.5% power supply.
Thirty different fault scenarios are set as the hypothetical fault list Fs {Fs 1 , Fs 2 , . . . , Fs 30 }. k 1 , k 2 , k 3 , k 4 , and k 5 are all set to be 10. P lim is set to be 1 p.u.. Based on the procedures of the proposed control, all steps in the ''online pre-decision'' and ''real-time matching'' are executed. Among all faults in Fs, three fault scenarios, which represent three types of fault severity (i.e., not severe, relatively severe, very severe), are employed to illustrate the effectiveness under different faults. In addition, the fault type of three fault scenarios considered is a temporary three-phase short-circuit, which locates at 50% of the line between Bus 19 and Bus 16. The fault severity is determined by different fault duration time. For the intuitive observation of the control effect under the three faults, G5's rotor angle oscillation processes and DFIGs' post-fault active power with different controls are both depicted in Fig.7-9 . 7 shows the effect comparison of different controls when the fault duration time t s = 0.08s. In this condition, the fault is not severe. The system will not lose stability without both the WFs' proposed control and SGs' tripping. It can be seen in Fig. 7 (a) that, G5s' rotor angle (black line) is stable when the system is only equipped with the WFs' traditional control. Moreover, WFs' traditional control is the transient control of the standard DFIG model in DIgSILENT. Under this fault, WFs' post-fault active power is illustrated by the black line in Fig. 7 (b) . When the WFs are equipped with the proposed control, their post-fault active power is calculated and shown by the green line in Fig. 7 (b) . It can be seen in Fig. 7 (a) that, the proposed control can effectively damp G5's rotor angle (green line) in the 1 st swing and multi swings. Fig.8 shows the effect comparison of different controls when the fault duration time t s = 0.12s. In this condition, the fault is relatively severe. The system will lose stability if it is without both WFs' proposed control and SGs' tripping. It can be seen in Fig. 8 (a) that, G5s' rotor angle (black line) is unstable in the 1 st swing when the system is only equipped with WFs' traditional control. Because of the transient instability, the WFs' post-fault active power of the traditional control (black line in Fig. 8 (b) ) is also out of control after the 1 st swing. If the G4 is tripped by 108MW and WFs are equipped with the traditional control (red line in Fig. 8(b) ), the system can keep stable and G5s' rotor angle is given by the red line Fig. 8 (a) . When WFs are equipped with the proposed control, their post-fault active power is calculated and shown by the green line in Fig. 8 (b) . The system can keep stable only with WFs' proposed control and G5s' rotor angle is given by the green line Fig. 8 (a) . Comparing the black line, red line, and green line in Fig. 8 (a) , it can be concluded that WFs' proposed control has better damping effect than WFs' traditional control or SGs' tripping. Also, it can make the system stable without tripping any SGs. Fig. 9 shows the effect comparison of different controls when the fault duration time t s = 0.23s. In this condition, the fault is very severe. The system will lose the 1 st swing stability even if it is with WFs' controls. To illustrate it, G5s' rotor angles, when the system is equipped with WFs' traditional control and WFs' proposed control, are given by the black line and green line in Fig. 9 (a) , respectively. Because of the transient instability, the WFs' post-fault active power of the traditional control (black line in Fig. 8 (b) ) and proposed control (green line in Fig. 8 (b) ) is also out of control after the 1 st swing. Hence, the SGs' tripping should be considered. When some SGs are tripped (i.e., G4 is tripped by 300MW; G5 is tripped by 120MW; G7 is tripped by 56MW) and WFs are equipped with the traditional control (pink line in Fig. 8 (d) ), the system can keep stable in the 1 st swing, but it loses the 2 nd stability. It is can be seen by G5s' rotor angle (pink line) in Fig. 9 (c) . This is because the tripping amount of SGs is too large, which sharply decreases the 2 nd stability margin. If WFs' traditional control is modified so that their post-fault active power is larger in the 1 st swing, as shown by red line in Fig. 8 (d) , the AAKE of the 1 st swing will be less. Hence, the system can keep stable in transient process and G5s' rotor angle is given by the red line in Fig. 9 (c) . As the oscillation of the red line in Fig. 9 (c) is not very strong, k 1 , k 2 , k 3 , k 4 , and k 5 are all set to be 5 to better demonstrate the advantage of the coordinated control. When the system is equipped with the coordinated control, the tripping amount of SGs is calculated (i.e., G4 is tripped by 120MW; G5 is tripped by 120MW) and WFs' post-fault active power is calculated and shown by the green line in Fig. 9 (d) . The system can keep stable and G5s' rotor angle is given by the green line in Fig. 9 (c) . Comparing all lines in Fig. 9 (c) and tripping amount, it can be concluded that the coordinated control can not only improve the transient stability more effectively, but also enhance the control economy by decreasing the tripping amount of SGs.
VI. CONCLUSION
The increasing penetration of WFs impacts the transient stability of power systems. Instead of letting it weaken the system stability without proper controls, the potential of DFIG-based WFs as a damping device should be explored. In addition, the tripping of SGs is still a necessary emergency measure to avoid transient instability under the server faults, even if its control cost is very high. Therefore, a coordinated control of DFIG-based WFs' post-fault active power and SGs' tripping is proposed to improve both the system stability and control economy efficiency. The main contributions of this paper are summarized as follows:
1) The equivalent OMIB model of the two-machine system with an aggregated DFIG based wind farm is established. Based on this model, the impacts of the WFs' post-fault active power P W and SGs' tripping on the stability of each swing are presented. It indicates that the smaller P W increases the stability margin of the 1 st swing and odd swings, and the larger P W increases the stability margin of the even multi swings. SGs' tripping increases the stability margin of the 1 st swing and odd multi swings, and decreases the stability margin of the even multi swings.
2) A principle of the coordinated control is proposed. WFs' control period is designed as six stages. Their post-fault active power is suggested to be smaller in the 1 st , 3 rd , and 5 th stages and be larger in the 2 nd and 4 th stages to improve the stability of the first five swings. Moreover, in the 6 th stage, it should be adjusted to maintain the post-fault steady state of the systems. Because SGs are only tripped when WFs' control effect is not sufficient, the coordinated control can also decrease the control cost. The proposed principle provides a theoretical guidance for the actual transient controls.
3) An application method of the control principle is proposed by adopting the scheme of online pre-decision and real-time matching. It demonstrates the detailed control procedures and parameters calculation and has a good potential in the practical engineering operation.
A New England 39 bus system with a DFIG based WF on the DIgSILENT /PowerFactory is employed for numerical simulations. The effectiveness of the proposed control is verified under three different conditions: a) when the faults are not severe, the proposed control of DFIG based WFs can effectively damp the oscillations; b) when the faults are relatively severe to cause the instability, the proposed control of DFIG based WFs can make the system stable without tripping any SGs; c) when the faults are very severe, the coordinated control can not only improve the transient stability, but also enhance the control economy by decreasing the tripping amount of SGs.
